New non-standard problem of thermocapillary convection is studied to analyze the flows arising in a twolayer system under action of an intense thermal exposure on the free boundary by a laser beam. Characteristics of the physical experiments are presented. Parameters of the experiments are the ratio of the liquid layer thicknesses, the types of working liquids, the absorption coefficients of media. Special attention is given to the study of the influence of the system geometry when changing the thickness for one of the liquid layers. Theoretical study of the thermocapillary convection includes development of the mathematical model tested on the basis of new physical experiment data and of the effective numerical algorithm to calculate basic characteristics. The occurrence of the decaying oscillations, which first experimentally discovered by the authors, and the evolution of the interfaces and layers are investigated. The results of numerical study of structure and nature of convective flows in the horizontal two-layer liquid -liquid systems of the type "silicone oil -glycerin", and comparison of the experimental and theoretical data allow one to validate the developed mathematical model, to analyze the peculiarities of heat and mass transfer in the two-layer system induced by the action of a local heat source at the free boundary.
laser exposure. The systems comprise glycerin (or ethylene glycol, benzyl alcohol) in the bottom layer and silicone oil of different viscosity in the top layer. It was established experimentally that in the systems like "glycerin -silicone oil" and "ethylene glycol -silicone oil" the thermocapillary rupture of the upper layer or stable thermocapillary groove can be observed. Besides the gap and recess in the system "benzyl alcohol -silicone oil" the regime of dynamic instability of the upper layer (or so-called damped thermocapillary oscillations) is observed in a certain range of change in the upper layer thickness l 2 . The enhanced accuracy of the experimental measurements for various thermophysical characteristics of the fluids, as well as modern methods of mathematical modeling, allow one to study the velocity fields near the boundaries and in the surface layers. Therefore, the phenomena of heat and mass transfer can be properly taken into account in modelling, and dominant mechanisms that govern the nature and character of the arising flow regimes can be correctly determined.
We will proceed from the following experiments described partially in [1] . Profiles of the thermocapillary (TC) deformations and stationary TC rupture of the upper layer in the twolayer liquid system were measured with use of the laser scanning sheet method depending on l 2 for the liquid -liquid system polydimethylsiloxane-10 (PDMS-10) -ethylene glycol with a heat source at the interface. It was established that the TC gap occurs at almost all values of the layer thickness (l 2 ∼ 400−900 microns, hereafter referred to as µm). With an increase of the upper layer thickness the TC rupture diameter is decreased as well as the curvature radius of the convex lower layer deformation in zone of thermal action. The system with clear hexadecane as upper liquid and laser radiation absorbing glycerin as lower one was used also. For this pair of working media it was shown that change in the lower layer thickness l 1 from 1 to 5 mm at a constant thickness of the top coating l 2 = 500 µm does not affect the TC rupture profile of the upper layer and the lower layer raising height in the zone of TC rupture ( Fig. 1 ). Fig. 1 . Profile of the interface deformation between lower (L 1 ) and upper (L 2 ) layers (side-view) with l 1 = 1, 2, 5 mm. Here h denotes the lower layer raising height in zone of the laser beam action For fixation of the stationary diameter of the TC layer rupture it is required a maintenance of minimal threshold temperature difference ∆T s between the TC rupture edge and periphery. Upon that, value of ∆T s is significantly less than the layer rupture temperature ∆T r . If the upper layer thickness l 2 is diminished, then magnitudes ∆T s and ∆T r will be decreased. Time of full relaxation of the TC rupture ("healing" of the layer by turning off the pump laser) in the two-layer system is determined by the decay time of ∆T s .
In the present work we develop the mathematical model of the thermocapillary convection in a two-layer system of liquids being under action of a local point heating on the basis of the classical convection equations [2] and numerical algorithm based on the Ovcharova's method idea [3] that allows one to find correctly the shapes of the deformable interfaces having parts with strongly changing curvature. Theoretical study of the problem of convection in a two-layer system with the determination of deformable interface positions is extremely difficult. The first numerical result that was obtained with use of the working parameters close to the experimental ones confirmed the qualitative coincidence with the results of experiments. It should be noted that all known theoretical investigations of dynamics of systems with the interface under local heating have been carried out within the framework of the thin layer approximation. However, this approach does not allow one to take fully into account the influence of the vertical velocity component and the contribution of convective terms to the formation of the flow structures, both in terms of hydrodynamic and thermal aspects. The Oberbeck-Boussinesq model of convection have been used for the first time to study the dynamics of a two-layer liquid -gas system subjected to local thermal load in [4] . The features of the thermocapillary flows in the two-phase system caused by action of the point heaters arranged on the outer fixed solid boundaries of the plane horizontal cuvette were analyzed. The structure of the temperature and velocity fields, and forms of the thermocapillary deformations of the interface were calculated with the help of the original numerical method [5] .
Equations of convection
Let the Cartesian coordinate system be chosen so that the gravity acceleration vector g is directed opposite to the Oy axis (g = −gj, j is the unit vector of Oy). Two immiscible viscous incompressible liquids fulfill a rectangular cavity. The upper boundary of this system Γ b is a free boundary defined by equation y = f b (t, x). Liquid domains L 1 and L 2
are separated by the thermocapillary interface Γ 0 defined by equation y = f 0 (t, x). Outer boundaries x = 0, x = X, y = 0 of the domains L 1 and L 2 are the fixed rigid impermeable walls.
The convective flow of j-th medium (j = 1, 2) is described by the Oberbeck-Boussinesq approximation of the Navier-Stokes equations [2] . The governing equations written in the nondimensional variables for the required functions ψ (stream function), ω (vorticity) and T (temperature) take the following form:
Here (and subsequently) j = 1, 2 relate to the lower and upper liquids, respectively. The problem is characterized by the following dimensionless parameters: the Reynolds numbers Re j = u * h/ν j , the Prandtl numbers Pr j = ν j /χ j , the Grashof numbers Gr = β j T * gh 3 /ν 2 j , where ν j , χ j , β j are the kinematic viscosity, thermal diffusivity and thermal expansion coefficients of j-th fluid, respectively. The linear size of the flow domain in the y-direction h will be chosen for the characteristic length. The characteristic values of velocity and temperature are denoted as u * and T * . The required functions are associated with the original unknown functions through usual relations:
The fluid flows and heat transfer processes in each of the liquid layers L j will be investigated numerically with use of convection equations (1.1), (1.2).
Surface tension on deformable boundaries
The interface conditions are formulated in terms of ω − ψ on the basis of the conservation laws and some additional assumptions [6] . The interfaces Γ b and Γ 0 are characterized by their surface tension coefficients σ 2 (T ) and σ(T ), respectively. To define the surface tension σ(T ) for the "liquid -liquid" boundary Γ 0 we suppose that liquids in the system are under the conditions of intermutual saturation. Then, the Antonov rule [7] can be used:
is the surface tension for j-th liquid on the boundary with air or own vapor, values σ j0 , σ j T are the positive constants, σ jT is the temperature coefficient of surface tension for j-th liquid on the boundary with air or own vapor. In the non-dimensional form the relation for σ(T ) is written as follows:
is the Marangoni number, Ca j = ρ j u * ν j /σ * is the capillary number, ρ j is the j-th liquid density. The previous notations for non-dimensional surface tension of the interface and reference value T 0 are kept.
Boundary conditions

Interface conditions on Γ 0
Consider the interface y = f 0 (t, x) between the lower and upper layers and define the unit tangent and normal vectors on the interface s =
where the following denotation are used:
For the lower liquid in L 1 , n is the unit vector of the outer normal to the interface between the liquids. The continuity conditions of temperature and heat fluxes are valid at the interface Γ 0 : T 1 = T 2 , ∂ n T 1 −κ∂ n T 2 = 0, where κ = κ 2 /κ 1 is the ratio of coefficients of liquid thermal conductivities.
Assuming a fulfillment of the continuity of velocity on the interface (or the equality of the tangential velocities of liquids at their common interface Γ 0 and the volume preserving conditions for each medium), we obtain the following conditions for ψ j functions at this interface:
The kinematic and dynamic conditions on the interface Γ 0 in terms of ω − ψ are written in the following form
]
.
Here (f 0 ) t = ∂ t f 0 , T is the common value of the temperature on Γ 0 , v s , v n are the tangent and normal components of the velocity for points lying on the interface y = f 0 (x, t), they are common for both liquids on Γ 0 , R 0 is the interface curvature radius (1
Free boundary conditions on Γ b
The unit tangent and normal vectors on the free boundary y = f b (t, x) are determined with the help of following relations:
,
The temperature relations at the interface Γ b should provide the conditions of local heating. Assume that temperature is given as x) . Let the condition of heat insulation of free boundary be valid for other parts of free boundary
The conditions of continuity of the total velocity vector on Γ b and of the volume preserving the upper liquid lead to the following relations for the stream function ψ 2 :
(3.1)
Without loss of generality one can set ψ g = 0 in (3.1), assuming that a gas above the free boundary is a passive media, and considering Γ b as the material surface and the streamline for the upper fluid filling domain L 2 . The kinematic and dynamic conditions at Γ b written in terms of ω − ψ have the form:
Here v s , v n are the tangent and normal components of the velocity for points lying on the interface y = f b (x, t), R b is the free boundary curvature radius,
Fluid flow regimes and deformations of the interfaces
Numerical solution of the convection onset problem leads to determination of the velocity and temperature fields, and to computation of positions of the free boundary and interface. Without description of the numerical procedure to solve the problem formulated in Sec. 1 we have to note that it is based on the method developed in [3] . Here we present some results of calculations for "glycerin -silicone oil" system with the temperature distribution of the Gaussian type in zone of laser beam action. Influence of thermal load intensity on the flow pattern, heat transfer processes and character of the thermocapillary deformations of the interface and free boundary have been investigated. Physicochemical parameters in the CGS unit system and values of non-dimensional similarity criteria for the "glycerin -silicon oil" system are presented below in the order {glycerin (1), silicon oil (2)}, respectively: ρ = {1.25, 0.935} g/cm 3 ; ν = {1.44, 0.1} cm 2 /s; β = {0.00061, 0.00108} K −1 ; σ = {62.5,20.2} dyne/cm; σ T = {0.0598,0.0697} g/cm 2 ·K; κ = {28000, 13400} g·cm/(s 3 · K); c p = {2.5 · 10 7 , 1.498 · 10 7 } cm 2 /(s 2 · K); χ = {0.0009, 0.00096} cm 2 /s. The two -layer system is in the terrestrial conditions and g = 981 cm/s 2 . The values of the characteristic temperature drop T * and characteristic length h are equal to T * = 10 K and h = 1 cm; the characteristic velocity u * is chosen to be equal to 1.44 cm/s so that the Reynolds number of lower liquid will be equal to 1. Calculations are carried out with the following values of dimensionless parameters: Re = {1, 14.4}; Pr = {1600, 104.167}; Gr = {2.886, 1059.48}, Ga = 473.09; 1/Ca = {24.09, 464.2} (at σ * = σ 10 ); Ma = {0.231, 5.177}. In the presented case an initial state is determined as follows: the liquids are at rest, the interface between them and upper free boundary are flat; the thicknesses of both layers are equal to 0.5 cm; the cavity length is X = 20 cm. The size of a heating zone on free boundary is equal to 3 cm. The beam is directed to the free boundary point with abscissa X/2. By local heating simulation the temperature distribution T b (t, x, y) is set as follows for t > 0 and y = f b (t, x):
where the frequency is ϖ = π/(x−x) and the amplitude takes the values A(t) = {0.1, 0.25, 0.5, 0.75, 1} when t changes on intervals (t i , t i+1 ] (i = 0, . . . , 5), respectively, and remains to be equal A(t) = 1 for t > t 5 (here x = 11.5, x = 8.5; t 0 = 0, t i+1 = t i + 10).
Results of the numerical simulation obtained in the framework of suggested mathematical model allows one to predict behavior of the system under study, upon that the numerical results are in reasonably good agreement with experimental data. Form of the free boundary and interface, and the distribution of the velocity and temperature fields in the system "glycerinsilicone oil" observed 90 s after start of heating are presented in Fig. 2 . A stable thermocapillary deflection is formed on the free boundary due to action of laser beam ( Fig. 2(a) ). Convex thermocapillary deformation ("hump") appears on the interface between lower and upper liquids ( Fig. 2(b) ). Similar type of the interface deformation is caused by the significant influence of the viscous properties of the upper fluid. With time the amplitudes of deformations on both deformable boundaries gradually increase.
Thermocapillary spreading the liquid from hot domain to cold one in the upper layer is induced by the local heating and two main vortices with opposite circulation appear in zone of laser beam action. For late time with increasing the intensity of thermal load additional small swirls are formed (Fig. 2(c) ). Thus, heat transfer is provided by the liquid motion caused by the thermocapillary effect.
Conclusions
Suggested approach to describe dynamics heat and mass transfer and character of deformations for the free boundary and internal interface in two-layer system subjected to local heating from the free boundary provides good qualitative agreement between numerical simulation results and experimental data. It allows one to predict the possible flow structure and to analyze nature of phenomena observed in the corresponding experiments. 
